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Introclucf ion

I)ircct rllcttlar~ol  fuc.t ;CIIS for pmtablc Imycr al]l)licatirrlls  IIavc  beer) advanced si~rlificantty urtclcx

[) ARI’A- and Al<C)-sponsored pro~rarlls over (IIC last five yczrrs.  A liquid-feed direct rrlctllar~crl

fuel cell dcvclopcd uncier  these plograrns, Crrl[]toys  a protorl cxcttarl~c  rrlclr)branc  as Clcc(rolytc.

and Opcraks  on aqueous solutions Ofrrlcttlarlo]  \vittl air or oxyp,crl  as lIIC oxidant . I’owc.r  dc.nsitics

as hip,}l as 320  n~W/cr])2 have lJCCII  dclllollstratcd. l)crnorlstratirrn of five-ccll stack based on the

l i q u i d - f e e d  cor)ccpt  I]avc  b e e n  succcssflrtly ],crfc,r(llcci by (iir\cr Inc, a n d  tl~c Jet l’lopulsiot~

1.aboratory.  Over 2?000 hours of Iifc-tcstinr, Ilavc  been con]}  )letcd  011 tllcsc  stacks. “1’}ICSC  fuc] CCIIS

Il;ivc tmcn a l s o  b e e n  dcmortstratcd  by [1s(: to olwratc ort a}tcrllatc f u e l s  sucl~ a s

trirr)ctlloxyrl lctllanc, rtirnctlloxynlc. tllane ancl hioxar]c. Kcductirrll in the I)arasilic loss  o f  fue l

across tl}c  fuel cell, a pllcnorrlcriorl tcrllld as “f{lcl crossr)vcr” I14s been actlicvcd usir]r,  polytrlc.r

rncrllbrarms  rtevclo})c.cl at LJSC.. As a Icsult cfflcimcics as }li:,ll as 400/0 is considered attairlab]c

w i t h  tliis (ypc  c)f fuel cell, “1’hc stale- (, f-(lciclcll, rl)cilt I]a< rc:icllcd a lmir]l wtlcrc it if r]ow bectl

a c t i v e l y  c.m~sidcrcd for statio[lary, I)or(ab]c  and [rtillspor[a(ioll applicatiorls. “1’IIc r e s e a r c h  and

dcvclol~rncrlt  issues lIavc  lmc II the suljjcct of sclfcral  ])rcvious ar(iclcs  [ 1 -5] alId  ltlc l)lcsc[It ar(iclc

is arl atlcrll I)l 10 suli]ll]arizc tl]c key  adv<lrtccs ill ttlis tcct]r[olo::y,

‘l’tic l,iquid-lrccd l)ircc( Mctllanol Fuel (cll

“1’llc IIcar(  o f  tllc f u e l  c e l l  i s  a  rllcrllt,rallc-clcc(rc)cle  :issc{l)t,ly  consisliilr,  o f two catalyzed

clc.ctrodcs  bonded to either side of a [)rc)tcl[l-cxct{arl~,c  n}c[ilbranc similar to that used in the lrrw-

tcmpcraturc  hycfro~,cn-c)xygcn  fuel CC.IIS. Nafiorl I I 7 is arl cxanil~lc  o f  such a rncmbrarlc, “1’hc

arlodc  crnploys [)latirlul~)-rlltllcl~  illrl~ as tllc catalyst arl’rf sustains the clcctro-oxidatirrn  of ructt]ar)ol

to carbon ctioxidc. ‘1’IIc. c.ahodc cIIII)lc~ys }Jlatirlurll  as the catalyst arl suslains  [IIC clccllo,-reduction
of air/c} xyp,cr\ to watci. [)ur in!, opcrat  iorl,  arl aqueous solufion of rncthanol ( atmut’3 v/v VO) is
cilculatcd past tl]c allodc, ‘]’IIC carl~[)rl dioxide l,rod~lccd  a[ IIIC auodc  is separated fronl tltc liquid

strcari~ and the solutior] is re-circulated ‘I”IIC furl cell Ilas Iwcll operated over  bctwccrl 15° anti

1?0”(1, tl]c cf!-lcicr]cy  a n d  Imv.w dcrlsi[ics (mill:: Ilif;llcr a! [tic  Ili[:llcl tcnl~wtatures.  ‘1’llc (yl)ical

Ol)cratirl:,  lmirlt for rl]arly apl)licatic]t]s  coul<l [W III tlir rarl::c  of 50- 95’’( ’ .  “1’llc fuc.1 cell earl olwlatc

a[ alnbicrlt []rcssurc ‘IIIc ovclail sirll[)llcily 01’ [Ilis collcc~]t  r<(ldcrs  this fuel cell vcIy a t t rac t ive

fIom a systrxn  pcrslx-c(ivc,  A cl~!rlorls(r~iti(~[l or [IIC sys~clll c{)tjcc])i  for I) AR1’A  ap~)licatior]s  i s

riow i.nj)ro~,  rcss a( J1’1, arid (iincr [IIC, II(ic[ly, ll~c IWI forlllarlcc of tllcsc  fuel tills is dctcrrnirlcd

b y  tlic activi ty of dlc  arlode. ca ta lys t ,  [l\c rllc(llal]ol pclrllc;it,ili[y and ionic corlductivi(y of the

rlicml)larlcs,  ca(lmic. s t r u c t u r e . s  arid fIIctlIod of I)rc[)aratiorl  of rrlellltmarle-c  lcctrodc asscrrlblies.

Advances in each of these areas lcadirl~,  to the c(lrr(llt levels of pcrfc]rlllarlcc arc sunllnariz,cd  in
tlIc follow iri~,.
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AI IO(IC  [’cl fot [Il~IICC:

[’[il[ill  Lllll-[  ll(ll(JIli  LIll) is fbl!!ld [0 b~ [IIC 1110S[  Cffici~[l(  c’ata[~s(  f~[ Iilc clcc(!~)-()~i(la(i()l]  o f

lnclhanol. ‘1’tlcsc catalysts usual ly col)sisl  of arl alloy of [~latirl~r ill-rlllllcll i~lrrl with srltall all[oul!ts

oroxidc in a rcduccd s[:itc  and Ihc bcw Iml[orrliarm is found 10 I)c allaillcd Mwn Ihc cotrtposilion

coricsporlcls  to a rrlo!c  ratio of 50:S0  ( I’[:Ru). Catalysts separately prepared at Ihc Jct I)[o[]ulsiorl

l.ahatory and Gincr Inc., b y  q u i t e  diffclcrll ntcltlods ttavc  b e e n  f o u n d  t o  Ilavc  s i m i l a r

pclfol[narlcc. Si~,nificant in~[~lcrvcil~cll(s i n  c a t a l y s t  pclfm[llarlcc arid utilimtion IIavc  b e e n  by

modifica[iorls of prcljaratiorr proccdufes. ‘[ ’tlcsc catalysts a!c  lcsistant to i)oisonin~ uniikc pure

I)la[illurn catalysts. ‘1’tlc anode polarization cutvcs  for various concctl(rations crf nlctl~aw! }Iavc

been dcliycd from full CCII pcrforiltatlcc data aad dclnons[ratc that  wry hi@l CUIICIII dcllsitics  arc

[Iossiblc  al Iltc arlodc  usirt?, l)lalirllltll-r ~tlllcililllll c a t a l y s t s , “I”flc tyl)icaj opcratil]g clccllodc

Imtcrltial  for I}IC anode is in [Itc rallp,c of 0.35-(),38 V for 400500 lllA/crn2 at 90”C.  AIso,  tjlC5c

rc.su[ls dc.lllonstl atc tl~at pcl f o r  [r~allcc o f  Illc alloctc  a t  Ili[:ll currcrlt dcrlsi[ics i s  lirlli[cd

sip,i]ificatllly by tllc m a s s  (ranslmr(  of lnct}~ar}oi r a t h e r  t h a n  tlIC aclivity of Ihc catalys[.  “1’liis

s i t u a t i o n  prcscllts a sir,nificatlt advallcc ovct l\Lc I)r iol-art nwll}anol fuel cells  w h i c h  Coulci Irot

operate at a tcnlh of tllc present I)owcr  levels, Since nlass tlar)spor[ of n[cthano[ and (IIC kiilclic.s

o f  oxida(iorl a r c  cnh~nccd  b y  illcreasitlt,  tcrlll]clalurc, l}i~llcl pcrforlna!lcc  c a n  bc at(airlcd by

illcrcasirtg IIIC o[wralinc Icntl)craturc of Ihc fue l  ce l l .  ‘I”llc  t y p i c a l  o p e r a t i n g  poittt for IIIOSt

al)plications i s  in  t}lc  rar]~c of55-9S°C.

Cathode pcrforllla~lcc:

‘1’hc catt]cdc can bc operated on air/oxyp,crl. “Ihc fuel cells arc capable. of o})cratinp,  on air at

anlt)icnl prcssutcs.  f:i~urc I  shows IIIC Iyl)ical I)cr for[narice cfiffcrcrlccs  for operation ori air and

oxy~cn,

01

,) ,

<C IUkl Nl 1)( N\llt  “A/c.,’

l’igurc.  1. ['cIfol ll]al~ce c) fdilcct rllct}larlol fuclc.cll o[}clatill~ orlairarldoxyF,crl

Cur[c!lt cicnsitics  as hi~,ll  as 600 IIIA/CI112  earl be sustained cm near-anlbicrlt prc.ssurc,air.  ‘lIICSC

results  prcscrl(  sir,rlificallt inlprovcri~cn(  over IIIC [uiol-ar( fllcl CCIIS  based on nlcthanol. f:roll~  (IIC

[mirl[ of tllc lo~f,crin~, ovc[all systcrn  s ize  and inclcasinr, sys(cl])  cf(icicrlcy,  (IIC o p e r a b i l i t y  otl

ar)lbicrll I)tcssurc  air al s(oic}lioltlctric Iatcs  of Icss IIlall f ive is very irlll]olla[ll, ‘IIIc [)clfollllallcc

of (Ilc catlio(ic is dcpci]dc]~t  011 Ihc llolv rate of air. ‘Illis [)crfclr !ll:illcc cllzt[:ic(cri~lic  iscauscd I)y

(Ilcdiffclcriccs irl IIlc  lzrtcofrclllovai ofwa(et ~~roduccd a t  tl]ccatj]odc :it vari(][ls  Rowralcs, “1’IIc

usc o f  Illin Ilydro[]hobic backin~,  I:iyc[s, ultra- (tlin ca(alysl  layers and Illodificd flotv fields arc

f(~ulld 1 0  Ilavc  a  bcrlcficial cffcc( 011 IIIC [}clfotillarlcc o f  Illc ca(tlocic :irl(i  arc cur[c[i(ly ocirl:,
l)~)l>L(c(l tJy Jl)l, :iI](i(; i[)cl  Irlc..

Mcmbl anc-l~,lcctr’ode  Asscml)lics:

“Iltckcy s(c[)intlle rllct\lod (lf[lIc\~ara(iclll  c) f[~ic.llli)l al~c-clectl  c)(icassclllt)l  icsfc]r tllisty[,cc)fflicl
c e l l  i n v o l v e s  [hc fc)rlll:tliorl c)f a  calalysl-rllcrllbra  r~c illtcr face (Ii{i( ~)rc.scr}ts a  lar~,c

Cicclrocll  crllicaily aclivc surface :irca  arid tli~,il  I)lolorlic corlcluctivily. ‘l’y[)ically$  tile I,[cl,arntio[l
o f  suclt  rrlclllt)r firlc-clcctlocic asscil~blics  i n v o l v e  [tic  forlnalioo o f  corllimsi(c clccllo(ic Iaycls
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co[]sistili~,  0[’ catalyst  alId  [)rf)torl-coll(l~lclill{:” Ill;t[c[ial a r i d  Ilo-tmlldit)[’, o f ”  [lIcsc Iaycrs  [O [}lc

[)lololl-CXCtlallF,C”  mCInbI[!F)C  SUCtl  il~ Nafion 1  [  “/. (’o[lfldclat]lc dif’fc[cmcs in [wrforlilanm car)

arise  flom dlc  fncthods  cmploycx. l:nllarlccd pcIfor IHar Icc o f  d i rec t  rnclllarlo] f~rcl ce l l s  alisitlp,

frolli [Ilc dirccl aljl]licatiorl ofcahlysl 10 Illc rl)ctllt)rtillc  arc sllowll in I:i[!ure ?.

1 .,, d,,,, ,1 f !/,,,,,

~~h
I k{ n><,t(  mol. Naf,on

2 \ 11,!,  at)x)l”lc
Ill

(1] ; 4 .,~,icm’ \ \  ‘\., ,

01 !., \\
o 100 2rKl ml 4W 5(H)  (,W 7KI  m,

\ C(lk Rl  N1 [M N511Y,  mAkns’

F’if,urc  ? . l’crfor[l~ar”cc  ofdi[cc( Incth:inol fuel CCII  with rufumd loading, and imprcwcd  process

for fabricating, rllcnlt)rfillc  clcclrodc assclllblics.

‘Ihcsc new  nlc(hcds  allow tllc forlllalion of ulhatl)in catalyst layers rcsoltinp,  in irllprovcd mass

t[ansfcr  and increased catalyst  utiliza[iorl.

Methanol {:r-ossovcr:

Me(llanol CIOSSC)VCI from tlic anode to Illc catllodc results in consumption of fuel a!ld also irn~)acts

(I}c l)crformancc of IIIC ca[ltodc c.ausil)~) IIIC CCII  to o p e r a t e  at a  Imvcr  c)vcrall  cfficicr]cy. ‘1’IIC

crossovel  rate is lar~,cly  dc[crll)incd I)y tl)c [Ielnlcability ot”tl)c rtlcll)brarlc and clcctlode s(r LIcturcs

t o  Incthanol, Nafiou- I I 7 [)rcsctlt  Itip,h iolli( corl(fuclivity llul i s  a l s o  Ilip,lily pc!rncablc 10

II)ctl)aflol. Nafiorl Illc[llbrarlcs  \vitll Ilif:llcl cquiwilcll[ \vci~,llt  Ilavc Ilsually lo\vcI  Illctl]anol

[)crflicability  [)Llt alscr  rccfucc~  ioliic corl[luc[ivi[). “l”l Ius llIc dcvcloprl)cn( of mcllit)ralles \\’i[ll l o w

lIIc[l Ial Iol pcr[ncat)i]ity  wilt] l]if,tl iol)ic collciu(ti\’ily tias t]cen an irhimrtarlt cfhr(, “ll\c Icccll(

rc>sul[s florrl ~JS(; cicrllollstl ate IIlat suctl  (ncllibr,irlrs c:ir] bc (fcvclol)cd.  f;i:,urc 3  [)rcscr)(s d;~la C)II
[iIc Iclativc tIIc[lla IIol [Jcl]])cal)ility  of rlc\{r [[ Ici II bra IIcs a[lcl Nafiorl I 17. ‘l”fl CSC IiC\\, I)lcrlll)r:tljcs

also possess tllc lli~,tl  iorlic co[iductivity of Na(iotl I l-/. “1’tlc new rllcnlt)rancsalc cx~)cc(ccl to be

Icsscxpcnsivct  llarl tilcstatc-of-art Nafiorl rtlcnll)lallcs. “1’hc illll)lclllclltatiorl ofthcsc nlcrn[)rallcs

i n t o  actual  fLICl cells  is bcinp, cliricnlty lmrsued  at J1’1. and tllc initial rcsulls  s h o w  ( h a t  t h e

clc.c.t[  ical pcrfol Inane.c approach tl~at at(aine.d witl~  Naflon,

I

(icvclo~)cd  I[]crnt)larlcs
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slacks and Sys[cllls:
[ ’ i vc -ce l l  stacks l~avc own

[cs[wclivcly wi(tl arl aim 10

NAI(AYANAN [.’7 Al.

(Iclllolls(rti[cd al (l IL’ 2 . ( )  aIId 100 W  Icvcl  by J} ’ l .  aIId (iittc[ IIIC.,

s t u d y  stack  dcsifyls  aIId  oblaill  i]afdlr]clric da[a (m rcwlaftt flowrs aIId

[Ilod[lcf ma[]a~clllcllf in order to IX able  10 acl]icvc a SySlCIII  coIIccj  I[ dcil)orlsfratior] af fllc cnd O f

[)ccclnbcr  1996, [’crfol[l)allcc data 011 f i v e - c e l l  slacks  and IIicllll)rfirlc-clcclro(lc assclllt)lics

dcvclopcd  a( JI’I. arc I)rcscittcd  in I:if,urc 4

All{, O PSIG, t M ME ltlANOl

o w 1[.’ Iv,  Xct  2M  w 1X1 1[”, 4X

CUf<R[ NT L) LNSITY,  ntAfcn]2

[;if,urc d. [)crforlnarlce  of S-cclI  JI’1,-buil[ direct II]cttlarlo[ fLlcl ceil stack al ambient  prcssLlrc

“1’llis data shows the scalability of sifl~,lc  cell lcch[jolo~,y (o ulLllti-cell stacks “1’IIC dcvclo[)ii)cr]l of

a 22-ccII 60 W  stack is prcscufly bcitlp,  pL]rsued for  pm fahlc jmwcr aj)plica[ic)rls.  Sys[cIII  siz.irlg

a n d  ther[nal nlalla~clncnt s(uclics arc cLlr[clltly  urldci  way  at J }  ’ l .  and Girler Irlc.,  a[ld  l~c]wcr

dcrlsilics in the rarip,c of 100W/ kf, a[ljwa[ a(taillatlle fot COIII[)!C(C sys[cll~s.

Ijifc testing  of f u e l  c e l l s :

O\)clatiorl c,f  a f ive-cel l  stack owl Ixlio(is cxteljdill~, ovcl ?400 hou[s  tlas been Car(icd  out fit

(iitlcl Ir)c. ‘1’tlc pcrfol[l}arlce d o t s  1)0( snow  ally si~,llificall[ rfcclillc  o v e r  II)is [mriod. (hltirluous

O[wratio!l at hi~,tl !mlvcl (icl]silics fol 700 tlo Llrs at 90”(; a l s o  illdica[c Ilo Sif:llificarll corlccr[]

lclatill~, (0 sIIoIt-tc  III) dcfyadiitior].

Ackrloi~lccl~,rllcr}t:

“1’IIc wmk plcscntcd }ICIC wa< carr icd  (IU[  with su[)~)OI[  f r o m  [) ARI’A aflci Af{(), urldcr  a c-orl!ract

with t]IC Natiorjal  Acronaufics arid Sl)acc Ap,ci Icy a t  (tic Jc.t l’ropuisior) [ ,abolator  y ,  (Ialifc)rllia

lllslitute  c) fl’cc}lnolou,y.
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